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A B S T R A C T   

The recent pandemic due to SARS-CoV-2 has brought to light the need for strategies to mitigate contagion be
tween human beings. Apart from hygiene measures and social distancing, air ventilation highly prevents airborne 
transmission within enclosed spaces. Among others, educational environments become critical in strategic 
planning to control the spread of pathogens and viruses amongst the population, mainly in cold conditions. In the 
event of a virus outbreak – such as COVID or influenza – many school classrooms still lack the means to guarantee 
secure and healthy environments. 

The present review examines school contexts that implement air ventilation strategies to reduce the risk of 
contagion between students. The analysed articles present past experiences that use either natural or mechanical 
systems assessed through mathematical models, numerical models, or full-scale experiments. For naturally 
ventilated classrooms, the studies highlight the importance of the architectural design of educational spaces and 
propose strategies for aeration control such as CO2-based control and risk-infection control. When it comes to 
implementing mechanical ventilation in classrooms, different systems with different airflow patterns are assessed 
based on their ability to remove airborne pathogens considering parameters like the age of air and the generation 
of airflow streamlines. Moreover, studies report that programmed mechanical ventilation systems can reduce 
risk-infection during pandemic events. 

In addition to providing a systematic picture of scientific studies in the field, the findings of this review can be 
a valuable reference for school administrators and policymakers to implement the best strategies in their 
classroom settings towards reducing infection risks.   

1. Introduction 

In the last two decades, humanity is confronted with three corona
virus disease outbreaks: SARS-CoV-1 (2002–2003) [1], MERS-CoV 
(2012) [2], and SARS-CoV-2 (2019) [3]. For every pandemic, it is 
important to understand the transmission routes of the infectious agent 
to assess suitable mitigation strategies. 

The coronaviruses, like many other respiratory viruses, have three 
main routes of transmission: (i) short-range droplet transmission, (ii) 
long-range airborne transmission, (iii) infected surface contact trans
mission [4]. While standard hygiene measures and social distancing 
could prevent short-range and infected surface contact routes, air 
ventilation has a key role to control the airborne transmission route [5], 

which is the dominant one [6]. 
The scientific evidence shows that indoor transmission occurs more 

frequently than outdoor transmission [7]. Because of this, indoor envi
ronments are considered to be at high risk of contagion, and ventilation 
should be the first preventive measure [8]. About this, international and 
national agencies such as the World Health Organization (WHO), the 
American Society of Heating, Refrigerating and Air-Conditioning Engi
neers (ASHRAE), and the Federation of European Heating, Ventilation 
and Air Conditioning Association (REHVA) have published guidelines 
and recommendations to prevent the spread of coronavirus (SAR
S-CoV-2) via airborne [9–11]. All guidelines promote the use of venti
lation recommending as much outdoor air as possible, but the rate of 
ventilation to eliminate the risk of airborne contagion has not yet been 
established [12]. 
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In school buildings, the implementation of these guidelines has 
entailed many difficulties, forcing lessons to be held online and/or with 
the windows open even in cold conditions, to the detriment of indoor 
environmental quality (IEQ) among students and teachers. Even before 
the SARS-CoV-2 pandemic, several national and international research 
projects such as the SEARCH project (School Environment and Respi
ratory Health of Children; 2006–2013) [13], the SINPHONIE project 
(Schools Indoor Pollution and Health—Observatory Network in Europe; 
2010–2012) [14], and the InAirQ project (Transnational Adaption Ac
tions for Integrated Indoor Air Quality Management; 2016–2019) [15] 
have reported low levels of indoor air quality (IAQ) and poor ventilation 
in school buildings. 

The lack of adequate ventilation, in countries characterized by cold 
winters, is because teachers tend not to open the windows to avoid 
creating thermal discomfort among students. 

As a matter of fact, school classrooms in winter are centres for the 
spread of diseases such as influenza, the most common virus responsible 
for acute respiratory illness among school-age children [16]. Influenza 
viruses share the same routes of transmission as coronaviruses [17], and 
indoor air ventilation is a suitable way to reduce the risk of infection too 
[18], as can be seen by comparing the spread of influenza before and 
after the implementation of the anti-contagion measures dictated by the 
COVID-19 pandemic [19]. The severity and size of influenza viruses vary 
from year to year [20] causing sick leave among students which has an 
economic impact with the related direct and indirect costs (medical 
visits, diagnostic investigations, hospital admissions, drugs, and 
parental absenteeism from work) [21]. 

Hence, promoting acceptable indoor air changes in school environ
ments has proven to bring many advantages to students. Yet, a great 
extent of the educational stock built before the approval of thermal 
conditioning regulations in the Mediterranean area lacks mechanical 
ventilation systems (MVS), only relying on natural ventilation system 
(NVS), which stands as a scarce strategy to guarantee healthy and pro
ductive environments. 

To this aim, the present research sets within two research projects 
developed in Italy and Spain, aimed at sharing experiences and out
comes towards inter applicable ventilation strategies to improve the 
quality of Mediterranean school environments. In Italy, a doctoral 
fellowship co-funded by Politecnico di Milano and the Italian National 
Agency for New Technologies, Energy and Sustainable Economic 
Development (ENEA by its Italian acronym) pursues to investigate and 
promote a national strategy for equipping existing school buildings with 
innovative MVS that will aim, amongst other aspects, to counteract the 
transmission of viruses. In Spain, the research project COHEVES 

(Retrofit ventilation strategies for healthy and comfortable schools 
within a nearly zero-energy building horizon), funded by the Spanish 
Ministry of Science and Innovation (with reference code PID2020- 
117722RB-I00) and developed by TEP 130 from the University of Sev
ille, has amongst its aims the diagnosis of current environmental per
formance of existing schools and the assessment of ventilation strategies 
for their improvement in light of EU nZEB targets and 2050 decarbon
ized cities. 

In this regard, the present paper aims to provide a review of past 
experiences found in literature concerning the definition of ventilation 
strategies to avoid airborne transmission of diseases in existing school 
buildings. After the collection of related studies on the topic, a screening 
process and selection of those within the scope of the paper a review has 
been done by answering two main research questions (RQs) listed in 
Table 1. The novelty of this article resides in the collection and classi
fication of the results from case-study experiences that implement 
ventilation strategies in the context of the school environment, the 
assessment of the obtained outcomes and, on the bases of these, the 
outline of recommended actions to be implemented in school classrooms 
to limit the risk of contagion. 

The paper is structured as follows: Section 2 provides an overview on 
the topic background delving on the methods used to assess airborne 
transmission of pathogens, the types of air contagion risk mitigation and 
the main characteristics of air distribution systems; Section 3 describes 
the methodology used to develop this review, in particular the search 
strategy, the screening process, and the synthesis method; Section 4 
presents the outcomes found on the reviewed articles; Section 5 displays 
a discussion on the main results; and Section 6 discloses the main con
clusions and potential lines of research. 

Nomenclature table 

ACH Air Change per Hour 
AD Air Distribution 
APS Aerosol Particle Sizer Spectrometer 
AP Air Purifiers 
AS Aeration Strategies 
CFD Computational Fluid Dynamics 
CJV Confluent Jet Ventilation 
DCV Diffuse Ceiling Ventilation 
DV Displacement Ventilation 
FSM Full-Scale-Experiments 
HEPA filter High Efficiency Particulate Air Filter 
HVAC Heating Ventilation and Air Conditioning 
IAQ Indoor Air Quality 
IEQ Indoor Environmental Quality 
IF Intake Fraction 
IJV Impinging Jet Ventilation 

MERV XX Minimum efficiency reporting values XX 
MM Mathematical Model 
MV Mixing Ventilation 
MVS Mechanical Ventilation System 
NDIR Non-Dispersive Infrared 
NM Numerical Model 
NVS Natural Ventilation System 
OPS Optical Particle Counter 
PE Personal Extraction 
PIV Particle Image Velocimetry 
PV Personal ventilation 
RQ Research Question 
SV Stratum Ventilation 
UFAD Under Floor Air Distribution 
UVGI Ultraviolet Germicidal Irradiation 
VP Ventilation Procedures 
VR Ventilation Rate 
WAV Wall Attachment Ventilation  

Table 1 
RQs employed in the screening phase of reviewed works.  

No. RQs Logics behind the question 

1 Which ventilation strategies were used or 
designed to reduce airborne transmission 
in school environments? 

To indicate realized studies and 
their outcomes. 

2 Which benefits have these ventilation 
strategies? 

To assess the effectiveness of 
different ventilation strategies.  
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2. Background overview 

2.1. Risk assessment methods for airborne transmission of respiratory 
diseases and related indices 

In the scientific literature, several evaluation methods on the risk of 
cross-infection can be found. These can be grouped in mathematical 
methods, numerical methods, and full-scale experiments methods. 

2.1.1. Mathematical methods 
Among the mathematical methods there are the dose-response model 

and the Wells-Riley model [22], which are used as quantitative evalu
ation methods of the airborne infection risk. But, since the dose-response 
model needs costly information, such as particles size and infectivity, the 
Wells-Riley model is more frequently used [23]. The Wells-Riley model 
uses the concept of quantum of infection (the number of infectious 
airborne droplets required to infect a person) to evaluate the probability 
of infection P (%) based on the Poisson probability distribution as can be 
seen in Eq. (1): 

P=
C
S
= 1 − e

−

(
I•q•p•t

Q

)

(1)  

where C is the number of infection cases, S is the number of susceptible 
people to be infected, I is the number of infectious subjects, q (quanta/h) 
is the quanta generation rate, p (m3/h) is the pulmonary ventilation rate, 
Q (m3/h) is the VR of the space, and t (h) the time of exposure. The 
quanta emission rate q of a specific virus depends on the expiratory 
activity of the infectors (i.e., breathing, speaking, etcetera). Many 
studies have been carried out to calculate the q for SARS-CoV-2, leading 
to very different results [55], including [24], where q was calculated 
based on the viral load present in the sputum. The assumption of 
well-mixed air, the steady-state condition, and the absence of other 
airborne pathogen sink mechanism (filtration, deposition, and disin
fection) represent the major limitations of this model. Therefore, over 
the time, this model has undergone various modifications, including the 
one proposed by Gammaitoni-Nucci [25], where the steady-state con
dition is eliminated, and other influencing factors are added, ending in 
Eq. (2): 

P= 1 − e
−

p•I•q
V

(

N•t+e− N•t − 1
N2

)

(2)  

where V (m3) is the volume of the room and N (h− 1) is the total disin
fection rate, which considers the effect of ventilation, filtration and 
deposition mechanisms as reported in Ref. [56]. However, the 
well-mixed air assumption remains, thus this last model is unable to 
evaluate airborne transmission risk spatially and temporally. 

To overcome this limitation [23], proposes a dilution-based evalu
ation method, while [26] proposes the use of the exhaled air volume 
fraction to estimate the number of q that people could re-breathe. With 
this last model, the spatial variation of risk infection could be obtained 
by dividing the room into multiple zones [22]. 

Regardless of the mathematical model adopted, the acceptable in
dividual risk Pmax should be chosen to avoid any infection event (basic 
reproduction number of infections R event<1). R event is the ratio between 
the number of infection cases (C) and the number of infectious subjects 
(I), seen in Eq. (3): 

Revent =C/I (3) 

If S is known, the acceptable probability of contagion can be calcu
lated assuming a given number of infectors, as in Eq. (4): 

Pmax < I/S (4) 

Assuming only one infection subject in the environment (I = 1) [27], 

suggest to take as a reference value a probability of contagion of P<0.1% 
for indoor environments up to 1000 people, while P<1% for indoor 
environments up to 100 people. Therefore, the greater the number of 
people gathered, the lower the acceptable individual risk should be. 

Although the mathematical models are a simple and quick assess
ment method for infection control strategies, the role of ventilation in 
controlling airborne spread of pathogens is not limited to the ventilation 
and filtration rate alone, but also to airflow direction and airflow pat
terns [18,28]. These influencing factors cannot be considered by 
mathematical models, but additional numerical and full-scale experi
ments are needed. 

2.1.2. Numerical methods 
The airflow in enclosed environments can be described by a set of 

differential equations (Navier-Stokes equations) [29]. For simplified 
assessments, these equations can be solved analytically, while for 
detailed analysis, it is necessary to use a numerical method that will 
reformulate these equations into a high number of ordinary equations to 
solve them, as computational fluid dynamics (CFD) do. Hence, 
CFD-based simulations are able to calculate fluid motion and heat 
transfer using numerical approaches and can solve a range of problems 
related to laminar, turbulent, and multiphase flows [30]. Through the 
CFD simulations it is possible to evaluate the ventilation effectiveness 
based on the task of the ventilation system e.g., removal of pollutants, 
removal of heat, or supply fresh air to the breathing zone (the area 
immediately surrounding individual’s nose and mouth where most of 
the air is drawn into their lungs) [31]. 

As reported from Ref. [32], CFD become a tool for the modelling of 
disease transmission in buildings after the 2003 SARS epidemic, and it is 
particularly used to improve hospital ward ventilation. For the investi
gation of airborne transmission between people, it is necessary to insert 
computational thermal manikin(s) in the space geometry and model the 
dispersion of respiratory droplets and pathogens released by respiratory 
events [33]. For this type of applications, it is therefore necessary to 
carry out multi-phase simulations, where the transport and the trajec
tories of the pathogen droplets can be described with both a Lagrangian 
and Eulerian approach [34]. Various methods can be found in the 
literature by which the risk of cross-infection of different airflow pat
terns has been investigated. 

For an overall analysis of the cross-infection risk in the considered 
space, the index local mean age of air τmean (mean value of residence 
time of local air) can be obtained by solving the following partial dif
ferential equation Eq. (5) as reported by Ref. [35]: 

D(ρτmean)

Dt
=

∂(ρτmean)

∂t
+

∂(ρτmeanui)

∂xi
= ρ (5)  

Where D is the material derivate, ρ is the air density, t is the time, and x 
is the location. 

Some authors, instead, use simply a spatial-temporal distribution 
analyses of exhaled pathogen particles [36,37] to assess high and low 
risk zones of exposure defining a risk index Irisk of the type in Eq. (6): 

Irisk(x)=
∑

pi(x) (6)  

where 
∑

pi(x) represents the total number of particles that pass at a 
given point x over the entire simulation. With this type of analysis, it is 
usual to look at the evolution in time and space of the particles in the 
breathing zone, and evaluate their concentration, path-lines, and the 
average residence time (defined as the average time that particles, once 
exhaled, take to be removed). Although these parameters are useful 
indicators to evaluate the airborne pathogen removal effectiveness of 
different airflow patterns, they provide general information for the 
assessment of the risk of cross-infection. Therefore, specific exposure 
risk indices were developed based on the concentration field. The 
exposure risk index (εex), defined by Eq. (7), uses the pathogen particle 
concentration in the breathing zone of a susceptible individual as 
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indicator of infection risk [38]. 

εex =
Cdi − Cds

Cde − Cds
(7)  

where Cdi, Cds, and Cde are the particle concentration in the breathing 
zone of the susceptible, at the ventilation supply, and at the ventilation 
exhaust. Another exposure index is the intake fraction (IF), which is 
defined as the proportion of exhaled particles mass from the infected 
individual that is inhaled by the exposed individual [39], seen Eq. (8): 

IF(t) =
∫ tin

0 Cin(t)Mindt
∫ tex

0 Cex(t)Mexdt
(8)  

where Cin(t)and Cex(t)are the inhaled concentration of the exposed 
person and the exhaled concentration of the infected person at time t, 
while Minand Mex are the flow rates of inhaled flow of the exposed 
person and exhaled flow of the infected person. tinand tex are the expo
sure time of the exposed person and the respiratory duration of the 
infected person. 

2.1.3. Full-scale experiments methods 
In full-scale experiments, physical measurements are carried out 

directly onsite, which can alternatively be recreated, as often happens, 
in laboratories or special test rooms equipped to simulate the experi
mental conditions. The studies on airborne pathogen transmission 
involve the use of real thermal manikins (to create the thermal body 
plume) [40] or human volunteers to recreate realistic scenarios and 
perform flow and particle transport analysis in the surrounding of the 
manikins or the volunteers. In Ref. [33] the main experimental mea
surement techniques are reported. The flow techniques use the schlieren 
imaging method [41] to measure the velocity field of human expiratory 
activity using particle image velocimetry (PIV) [42]. Although they are 
useful for providing understanding of expiratory flows, they provide no 
quantitative estimates of the risk of cross-infection between people, and 
they are generally used to provide a detailed validation database for 
droplet propagation of expiratory activity in CFD simulation [43]. 

In aerosol techniques, instead, aerosol generator machines are used 
to simulate expiratory flows. Thanks to these machines it is possible to 
generate particles of various sizes in order to study the influence of di
mensions in airborne transmission. The dispersion pattern and the 
concentration of the aerosols could be measured through optical particle 
counters (OPC) or aerosol particle sizer spectrometers (APS), that when 
positioned near the mouth of the exposed manikin allow to evaluate the 
exposure risk indices (εex and IF) under different airflow pattern [44,62]. 
In other studies, the measures obtained by this instrumentation are used, 
through mathematical function based on particle mass balance, to 
evaluate the decay rate or residence time of the particles generated in 
the indoor environment, and thus evaluate the airborne particle removal 
effectiveness of different airflow patterns [45] or air filtration devices 
[46]. 

Among the experimental methods, the most used remains the tracer 
gas technique. As for numerical methods, it is possible to evaluate the 
local mean age of air τmean too, by relying on this approach. In this case, 
it can be done by using the surveyed data onsite through Eq. (9) [47]: 

τmean =
1

C(0)

∫∞

0

Cp(t)dt (9)  

where C(0) is the initial tracer gas concentration and Cp(t) is the con
centration at a certain point in the room at time t. 

Moreover, as reported by Ref. [48], tracer gas is a suitable surrogate 
of exhaled droplet nuclei for studying airborne transmission in the built 
environment since airborne transmission of viruses (long-range route) is 
characterized by small droplets (3–5 μm) which have aerodynamics 
closer to a gas. Furthermore, tracer gas simulations are less complex, and 

no assumption or simplification are required for the modelling, thus it is 
easier to obtain reliable results. According to this, to simulate the 
exhaled virus droplet nuclei from the source manikin, breathing thermal 
manikins [49] are needed, while the tracer gas concentrations could be 
monitored and measured via a set of fast gas concentration meters [50] 
to evaluate the exposure risk indices (εex and IF) [51,52]. 

2.2. Mechanical ventilation systems and infection control strategies 

MVSs have repeatedly been regarded as potentially responsible for 
the spread of infectious agents [18], and in some cases, it has been 
shown to blame [53]. These systems can be used as a primary infection 
disease control measure (e.g., hospitals), but if not adequately designed 
can contribute to airborne transmission of viruses [54]. In summary, 
they could prevent the risk of infection through three main principles 
[55]:  

• Air ventilation: ventilation dilutes air contaminant concentration in 
confined spaces by indoor-outdoor air exchanges. However, also air 
direction and airflow patterns have a key role to prevent cross- 
infection between occupants.  

• Air filtration: the virus particles are physically removed by passing 
through one or more filters. Air filtration can be achieved either by 
installing filters as components of the MVS or by placing portable air 
purifiers in the room. High efficiency particulate filters (HEPA) are 
widely used since they can remove particles emitted by human 
exhalation greater or equal to 0,3 μm with 99.97% efficiency. Their 
high efficiency, however, entails high fan energy costs, therefore a 
good trade-off between risk reduction and costs is represented by 
filters with minimum efficiency reporting values (MERV) of at least 
13. MERV 13 can capture airborne viruses with a filtration efficiency 
of 70% for 0.3–1 μm particles [56].  

• Air disinfection: it consists of the inactivation of viruses. A popular 
technology is that based on ultraviolet germicidal irradiation (UVGI) 
through portable devices for naturally ventilated spaces. This tech
nology, installed inside an MVS does not produce pressure losses like 
filters do. 

After the advent of the COVID-19 pandemic, many studies have 
defined operations and interventions to adopt in buildings equipped 
with a centralized MVS. The general idea is to have a flexible system that 
can diversify its operation, acting in one way during pandemics and in 
another way during normal situations [57]. During pandemic events, the 
system should guarantee the possibility of increasing the air flow and 
count with back up filters to be activated. The heat recovery system 
should be disabled if it involves air contamination, e.g., rotary heat 
exchangers, at the expense of thermal comfort and energy saving. Air 
recirculation between different rooms should be deactivated, otherwise 
a filter with an efficiency at least equal to MERV 13 should be posi
tioned. Indeed, air filtration is more effective in lowering the aerosol 
concentration than increasing the outdoor air fraction [58]. Moreover, 
the inlet diffusers should be positioned in such a way that they do not 
favour air flows from one person to another [59]. 

2.3. Air distribution system and cross-infection 

Air distribution strategies can be subdivided into total volume air 
distribution, where there is room-scale ventilation, or personalized 
ventilation, where air is supplied locally to each occupant directly to the 
breathing zone. In Ref. [60], the authors critically reviewed the main air 
distribution strategies. The ones cited in the reviewed literature of this 
paper are highlighted below: 

• Mixing ventilation system (MV): the air is supplied with high ve
locity to achieve a well-mixed air condition in the indoor 
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environment, thus using a dilution principle to reduce the concen
tration of air pollutants.  

• Diffuse ceiling ventilation system (DCV): the air is supplied from 
the ceiling and extracted either from the ceiling or at the floor level 
sideways. The air pattern is similar to the one of MV, with the dif
ference that the air is supplied by large opening inlets through which 
the air enters the occupied zone at low speeds and without a precise 
direction.  

• Displacement ventilation system (DV): the air is supplied at 
slightly lower temperatures than the ambient one (typically a dif
ference of 3–4 ◦C) at floor level and it is taken from the ceiling. In this 
way, a thermal stratification of the air is generated, vertically 
removing air pollutants from the occupied area thanks to the thermal 
gradient.  

• Under floor air distribution system (UFAD): the air is supplied 
through a plenum located between the structural slab and the un
derside of a raised floor and it is extracted from air diffusers located 
in the countertop. The principle of removal of pollutants is similar to 
that of DV, with the difference that the air is supplied at higher 
speeds through a greater number of diffusers.  

• Stratum ventilation system (SV): the air is supplied and taken out 
through diffusers positioned in the vertical walls at the height of the 
occupied area on the two opposite sides of the room. In this way a 
horizontal flow is generated which supplies clean air directly to the 
level of the breathing zone.  

• Confluent jet ventilation system (CJV): the air is usually supplied 
through various ceiling linear slot diffusers and sucked at floor level. 
The set of air diffusers generate a uniform flow at moderate speed 
which carries pollutants and heat from top to bottom.  

• Personal ventilation system (PV): the fresh air is supplied directly 
to the breathing zone of occupants through small diffusers located 
near each occupant, usually sat in benches or chairs. In this way the 
quality of the inhaled air of each occupant is implemented, and it is 
also possible to adjust the speed, direction, temperature, and rate of 
ventilation according to the preferences of each individual. This 
system can be combined with the personal extraction system (PE), 
where an extraction system is added to reduce the spread of exhaled 
airborne particles. 

Many studies have addressed the problem of airborne virus trans
mission by analysing the influence of the air distribution system in the 
diffusion of respiratory particles in different configurations, using both 
CFD simulation and full-scale test room. In offices with 10 people, PV 
seems to be the best solution to avoid cross-infection, followed by DV, SV 
and, while MV and DCV have the worst performance [61]. However, 
different types of PV devices and different orientations between the 
occupants, bring to different levels of exposure [62], especially when the 
infector uses PV devices, without PE, and there is an increase on 
dispersion of exhaled droplets [63]. 

Furthermore, systems that generate vertical ventilation, like DV and 
UFAD, could trap high concentrations of exhaled droplet nuclei (those 
larger than 10 μm tend to settle [64] in the breathing zone due to the low 
airspeed and the air thermal stratification, resulting in an increased 
exposure risk for the occupants [65–67]. Therefore, more knowledge is 
needed to understand the influence of factors (i.e., location of supply 
and return diffusers, number of people, room sizes, etcetera) that govern 
this unwanted phenomenon [68]. 

The combination of total volume air distribution strategies with PV 
could bring to a background dilution of exhaled particles and provide 
clean inhaled air for the users. Anyway, vertical ventilation systems such 
as UFAD and DV combined with PV reduce the intake fraction inhaled by 
occupants much more than MV and PV combined [69]. 

Hence, the type of devices and the airflow direction of PV present 
very different impacts [63]. Therefore, the development of MVSs for 
schools’ classrooms will need to consider not only VRs but also the 
airflow direction and air distribution patterns, to prevent the designed 

system from promoting contagion [28]. 

3. Methods 

A three-stage procedure was adopted for the creation of this sys
tematic review to answer the reported RQs (Table 1). The method is 
structured as follows: i) a preliminary online database survey was per
formed through a keyword search criterion (Section 3.1); ii) irrelevant 
articles were discarded from the review according to the aim of this 
work (Section 3.2); and lastly, iii) the articles identified were classified 
to give an orderly structure to this article (Section 3.3). 

3.1. Search strategy 

Scopus database was used as the unique source, consulted until 
December 2021. Table 2 presents the set of search strings used to narrow 
down the number of papers consistently with the scope of the present 
research, aimed at finding ventilation strategies and ventilation devices 
that dealt with airborne transmission of viruses in school environments. 

At first, the research strategy was defined so that the documents 
found concerned studies carried out exclusively in school environments 
where one or more ventilation strategies were analysed as mitigation 
strategies. Thus, a keyword search (TITLE-ABS-KEY) was used, con
necting the words with Boolean operators “AND” and “OR”. The 
research carried out using the strings listed in Table 2 identified a total of 
317 documents. Then, the documents found were subsequently filtered 
to i) consider only documents that presented a high level of scientific 
analyses (“Article” OR “review article”), and ii) were published in peer- 
reviewed journals (“Journal”). As a result, 271 documents were 
identified. 

3.2. Selection process 

Once 271 documents were identified, the selection process reported 
in Fig. 1 was used to select articles relevant to this study. In the screening 
phase, where 205 records were discarded by analysing their title and 
abstract. In this first phase, many medical articles were discarded (144), 
where epidemiological and clinical investigations were proposed in the 
school environment. Other reasons for discarding were the analyses of 
non-school-building contexts, the study of contaminants other than vi
ruses, and analyses focused on thermal comfort. The remaining 66 ar
ticles passed to the second phase, named eligibility, where only 
documents proposing and analysing one or more ventilation strategies 
were selected. In the last phase, named affinity, articles that did not 
provide useful information to evaluate the proposed ventilation strate
gies and studies concerning occupational strategies, desk shields, face 

Table 2 
Documents found on Scopus database.  

Boolean 
operator 

String (Title-Abs-Key) All 
documents 

Filtered 
documents 

AND Classroom OR school OR 
educational building 

317 271 

AND air handling OR air distribution OR 
ventilation performance OR hvac 
OR ventilation strateg* OR 
ventilation syste* OR mechanical 
ventilation OR forced ventilation 
OR demand contro* ventilation OR 
displacement ventilation OR mixing 
ventilation OR ventilation retrofit 
OR CFD OR computational fluid 
dynamics OR air filt* OR air 
condition* 

AND viral load OR airborne transmission 
OR airborne infection OR virus 
transmission OR cross-infection OR 
infection risk OR aerosol OR covid  
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mask, or other mitigation strategies were discarded. 

3.3. Synthesis method 

The articles included in this review analyse and propose one or more 
ventilation strategies to be applied in school buildings, evaluating their 
effectiveness in reducing airborne transmission of viruses through one or 
more assessing methods, i.e., mathematical model (MM), numerical 
model (NM), and full-scale experiments (FSM). The analysed sample of 
papers was sorted into two main categories regarding the ventilation 
system adopted or simulated in the classroom setting of the studies:  

• Natural Ventilation System (NVS)  
• Mechanical Ventilation System (MVS) 

Then, a set of sub-categories were drawn in relation with these two 
main groups:  

• Aeration Strategies (AS)  
• Air Purifiers (AP)  
• Ventilation Procedures (VP)  
• Air Distribution (AD) 

Fig. 1. Flow chart of the selection process.  

Fig. 2. Groups and sub-categories of the collected articles.  
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As can be seen in Fig. 2 AS concern natural ventilation strategies as 
well as AP, as it has been commonly found in the reviewed literature, 
whilst VP and AD concern mechanical ventilation strategies. In the AS 
category, studies have been included when the risk of contagion with 
manual airing or fan-assisted ventilation is investigated considering the 
three assessing methods, while in AP there are studies that have tested 
AP devices either installed in real classrooms or through numerical 
simulations. In the VP category the studies are included when various 
strategies that can be adopted with MVS to control infections are eval
uated, based on VRs and/or filtration rates, through mathematical 
models. Finally, in AD there are studies concerning the airflow pattern of 
MVSs, therefore CFD simulations are usually used to evaluate the 
effectiveness of infected particles removal of several air distribution 
systems. Table 3 reports the classification of each article and the 
assessment method used in them to evaluate the infection risk of the 
proposed ventilation strategies. It must be noted that in some cases, 
more than one method was used. 

4. Results 

In this section, the findings of the 30 studies included in the present 
review, are reported clustered according to Fig. 2 flowchart. The section 
is first divided into two sub-sections: natural ventilation strategies 
(Section 4.1) and mechanical ventilation strategies (Section 4.2). Then, 
both sub-sections have been sorted according to the subsequent cate
gories defined in the synthesis method: aeration strategies (Section 
4.1.1), APs (Section 4.1.2), ventilation procedures (Section 4.2.1), and 
air distribution systems (Section 4.2.2). Some studies cut across more 
than one category and are therefore referred to in more than one section. 

4.1. Natural ventilation strategies 

In this section, 12 articles are reported concerning naturally venti
lated school classrooms, 7 of which regard aeration strategies and were 

assessed through mathematical model or CFD simulations (both in some 
cases), while 5 studies regard the use of APs in school classrooms and 
were all evaluated through CFD simulations or full-scale experiments. 

4.1.1. Aeration strategies 
In [70], the authors analysed the risk of infection in a naturally 

ventilated school in Suwon (Korea) during the spring season, using a 
mathematical model (Wells-Riley equation). The tested classes have an 
area of 64.6 m2 and a volume of 168 m3 and are equipped with windows 
along two parallel sides thanks to which it is possible to carry out 
single-sided or cross ventilation. The authors evaluated the risk of 
contagion assuming the presence of only one infected person, according 
to different windows opening rate (15%, 30%, and 100%) with and 
without face masks. The results show that the risk of contagion after 3 h 
of lessons, without masks, is closer to P = 1% only with cross ventilation 
(100% of open window ratio with 22.4 ACH), while the use of the masks 
allows to reduce the opening of the windows to 15% (6.5 ACH and P = 0, 
98%) and 30% (11.2 ACH and P = 0,57%). Instead, in the case of 
single-sided ventilation, with 15% (2.1 ACH) and 30% (2.9 ACH) of 
windows opening ratios, not even the use of masks can keep the risk of 
contagion under the unit, with respective values of 2.50% and 1.94%. 

In [94], the impact of windows design on airflow distribution and 
infection probability was investigated using CFD simulation and 
Wells-Riley equation in a naturally ventilated classroom with cross 
ventilation. Although various configurations of window opening are 
simulated with 1.6 ACH, contagion risks remain between 35% and 70%. 
By integrating low-cost fans into the windows at the height of 1.1 m, the 
risks of contagion decrease, ranging between 10% and 20%. 

In [81], it is shown how, the presence of an infected student in a 
classroom who sits near an open window can give rise to the horizontal 
propagation of infected particles and therefore to the infection of 
another student. To prevent this phenomenon, the authors suggest either 
keeping the door open and opening the windows only at the top or using 
deflectors that direct the flow of air entering the window downwards. In 
these ways it is possible to prevent the particles exhaled by the infected 
student from being propagated to the height of the breathing zone. 

In this regard, in Ref. [95] different settings of airflow deflectors 
applied on external windows were analysed in a classroom. Combining 
CFD simulations and the Wells-Riley equation, the authors report that by 
installing 90-degree deflectors on the external windows the infection 
probability decreases by 19.3% (from 41% to 21.8%) when the source is 
located in the middle of the class not in line with the window, while 
installing 45-degree deflectors reduces the infection probability by 
17.5% (from 57.5% to 40%) when the source is located in line with the 
window. The authors also show how the presence of an infected source 
in line with a window always involves a greater risk of contagion 
regardless of the installed deflector. 

Other authors investigated the possible use of air monitoring sensors 
combined with NVS. In Ref. [71], the authors present a CO2-based 
aeration strategy that they have developed and tested in 9 schools. The 
device is a non-dispersive infrared CO2 sensor (NDIR) which classifies 
the risk of contagion according to the concentration of CO2 and detects 4 
risk levels: low risk (up to 700 ppm), moderate risk (from 700 ppm to 
800 ppm), high risk (from 800 ppm to 1000 ppm), and very high risk 
(above 1000 ppm). On the other hand [72], proposes an aeration 
strategy for classrooms based on CO2 sensors combined with an infection 
risk model. Indeed, the authors suggest the use of a programmable 
control unit in which, by entering the characteristics of the classroom (i. 
e., volume, number of students) and the epidemiological situation, VRs 
could be dynamically evaluated by a risk infection function to avoid 
contagions. 

In [76], following this line, the authors have developed an ad-hoc 
airing procedure for naturally ventilated school buildings based on a 
MM (dose-response model) to maintain R event < 1. The manual airing 
cycles are defined by a control unit which evaluate the air change 
needed on the base of the infection risk. Subsequently, a CO2 sensor 

Table 3 
Number of documents for each group.  

Ref. Ventilation 
system 

Strategy 
type 

Mathematical 
method (MM) 

Numerical 
method 
(NM) 

Full-scale 
experiment 
(FSM) 

[70] NV AS x   
[71] NV AS x   
[72] NV AS&VP x   
[73] MV VP x   
[74] MV VP x   
[75] MV VP x   
[76] NV&MV AS&VP x   
[77] MV VP x   
[78] MV VP x   
[79] MV VP x   
[80] MV VP x   
[81] NV&MV AS&AD  x  
[82] MV AD  x  
[83] MV AD  x  
[84] MV AD  x  
[85] MV AD  x  
[86] MV AD  x  
[87] MV AD  x  
[88] MV AD   x 
[89] NV AP   x 
[90] NV AP   x 
[91] NV AP  x  
[92] NV AP   x 
[93] NV AP  x  
[94] NV AS x x  
[95] NV AS x x  
[96] MV VP x x  
[97] MV AD x x  
[98] MV AD  x  
[99] MV AD  x   
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determines the current air exchange and, if this is less than the one 
required, it proposes an aeration cycle by means of visual alert. 

To summarise, it can be deduced from these studies that under 
conditions of air changes greater than 6.5 ACH the risk of contagion can 
be less than P = 1% if face masks are worn, while without face masks, at 
least 22 ACH are required to set the contagion risk under 1% [70,94]. If 
unable to have these air changes, the strategy to reduce the risk of 
contagion may be to install low-cost fans that can reduce the risk of 
contagion by up to 70% [94], or deflectors that can give up to 20% risk 
reduction [95]. As demonstrated from the other reported studies, air 
monitoring sensors or control units based on the infection risk can be 
used to manage windows opening procedures to mitigate new infection 
cases [71,72,76]. Table 4 reports the case studies with the relative 
aeration strategy tested and the evaluation parameter used. 

4.1.2. Air purifiers 
APs are portable devices capable of take room air, filtering it and 

putting it back in by recirculating clean air. Their use finds application in 
difficult-to-ventilate environments, and in case of NVS can constitute a 
valid mitigation strategy from airborne pathogens. To evaluate their 
efficiency, CFD simulations and/or full-scale experiments are required. 

Ref. [89], adopting both the approaches, shows that the best place
ment point for a purifier in a classroom is at the bottom of the class 
centrally, with direct flow towards the blackboard, or in the centre of the 
long side if the air outlet is on the sides. Though these configurations, 
providing a filtration rate of 5.4 h− 1 enables a 90% of aerosol to be 
removed after about 26 min, while with rates of 3.5 h− 1 the aerosol 
concentration is reduced by 30% and by 50% after 25 and 60 min 
respectively, as carried out by the full-scale experiment reported in 
Ref. [90]. [91] also simulates an AP placed in the bottom of the class 
through CFD, setting 6 h− 1, and highlight how the airborne particles 
reduction strongly depends on the infector position. 

Through a full-scale experiment in a testing room, the removal of 
aerosols of several settings of an AP equipped with HEPA filter was 

compared with the one obtained through different ventilation condi
tions (no ventilation, single-sided and cross natural ventilation, and a 
MV system which supply 17.6 ACH) [92]. The room was set up as a 
classroom, and the experiment measured, through an OPS, the number 
of particles present in the breathing zone of a susceptible positioned in 
the row of benches following the one where the infected source was 
positioned (simulated by an aerosol generator). The experiment showed 
that both with a filtration rate of 17.6 h− 1 and 11.7 h− 1, the AP removed 
more particles than the tested air ventilation systems. Moreover, CFD 
simulations of a low-cost box fan air cleaner equipped with a MERV 13 
filter in a school classroom show that beyond a certain VR (from 2 h− 1 to 
5 h− 1) only filtering brings further benefits [93]. The authors show that 
the best removal efficiency is obtained when the AP is positioned close 
to the infected. Hence, as a recommendation, positioning purifiers near 
possible fan coils or at several points in the class would ease a better 
distribution of the clean air. 

Hence, as highlighted in these studies, it has been demonstrated that 
APs’ performance is better than that of air renovation from outdoors: the 
volume of air filtered by an AP indicates a greater removal of particulate 
matter than the one achieved by renovating the same volume with new 
air from outdoors [89,92,93]. Nevertheless, also the relative position of 
the AP and infected person can influence the AP performance [90,91, 
93]. The studies concerning APs are listed in Table 5. 

4.2. Mechanical ventilation strategies 

The mechanical ventilation strategies found in literature are mainly 
assessed both with CFD simulation and MMs. As reported in Ref. [97], in 
a classroom equipped with a common DCV system using the Wells-Riley 
based equation the risk of contagion is underestimated, with an average 
of about 30% respect the results obtained through the CFD model. The 
same article also reports that the likelihood of being infected varied 
individually among students by up to 220%, mainly due to local air flow 
distribution, and secondly due to the distance from the infected source. 
In Ref. [81] the authors show how the well-mixed air conditions, used in 
the most of MMs, brings to an estimate of aerosol concentration in the 
breathing zone level up to 50% minor than the CFD simulation case 
carried out in a classroom equipped with a conventional DCV system. By 
the way, in Ref. [77], a new method is proposed to determine the risk of 
contagion which, unlike the Wells-Riley model, can determine the risk of 
contagion also based on the distance of susceptible individuals from the 
infected source. The authors demonstrate that for an exposure period of 
90 min the risk of contagion for individuals closest to the infected sub
ject is 1.3 times higher than that calculated with the Wells-Riley equa
tion, and which decreases by about 65% by increasing the distance from 
1.5 m to 3 m. In Ref. [78], instead, a distance index and an air distri
bution system efficiency index are proposed to be integrated in the 
Wells-Riley model. Thanks to these indices, the authors demonstrate 
that it is possible to reduce VRs compared to those obtained with the 
model proposed by Wells-Riley. Thus, as reported from Ref. [97], MMs 
could be a useful tool to quantitatively assess the infection risk reduction 
of ventilation strategies in classrooms, where VR and filtration rates, 
exposure time, and class volume are the typically used parameters. 

This section is aimed at pointing out the different outcomes that are 
achievable by using each assessment method. Section 4.2.1 includes 8 
papers regarding ventilation procedures to control the infection risk, 
that can be adopted in classroom when a MVS is present. Section 4.2.2 
instead, concerns 9 studies focused on the performance of different air 
distribution systems in the airborne pathogens removal through CFD 
simulations. 

4.2.1. Ventilation procedures 
Ref. [73] have tested the impact of different intervention strategies 

with a MM like increasing the VRs, implementing air filtration, hybrid 
learning (i.e., part of the students attends lessons at home reducing the 
number of students in presence), and combined strategies through a 

Table 4 
Aeration strategies case studies.  

ref. Method Room 
volume 

N. 
students 

Aeration 
strategy 

Evaluation 
parameter 

[70] MM 168 m3 

(8.20 ×
7.90 ×
2.60) 

NA Single-sided 
ventilation and 
cross- 
ventilation with 
different 
windows 
opening ratio 

Probability of 
infection 

[94] NM/ 
MM 

595 m3 

(14.00 ×
8.50 ×
5.00) 

40 Cross- 
ventilation with 
different 
windows 
opening and 
integrated fan 

Probability of 
infection/ 
Particles 
concentration 

[81] NM 216 m3 

(12.00 ×
6.00 ×
3.50) 

10 Different 
positions and 
heights of the 
windows 

Particles 
concentration 

[95] NM 595 m3 

(14.00 ×
8.50 ×
5.00) 

NA Cross- 
ventilation with 
different 
window airflow 
deflectors 

Probability of 
infection 

[71] MM 11 
classrooms 
112–155 
m3 

5–21 CO2-based 
aeration 

CO2 
concentration 

[72] MM 150 m3 NA Risk infection- 
based aeration 

Probability of 
infection 

[76] MM 150 m3 (50 
m2 × 3 m) 

NA Risk infection- 
based aeration 

Probability of 
infection 

NA - data not available. 
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scenario-based analysis, with which it was possible to estimate the 
number of infected people attending schools. Based on the pandemic 
scenario assumed, implying a greater presence of infected people during 
the winter, and considering an air rate equal to 2 h− 1 as a reference, the 
authors estimated a probability of contagion equal to 6.8% in winter and 
3.8% in summer. A set of 1433 schools (prekindergarten, elementary, 
middle, and high schools) across the U.S. were selected as case studies. 
The mitigation strategies, in increasing order of benefit, were:  

1. 100% of ventilation increase (from 2 h− 1 to 4 h− 1).  
2. 50% students online.  
3. Use of MERV 13 filters.  
4. 50% students online +100% of ventilation increase.  
5. MERV 13 + 100% of ventilation increase.  
6. MERV 13 + 50% students online +100% of ventilation increase. 

The first outcome pointed out by the authors is that all the mitigation 
strategies proposed bring to lower infection risk in prekindergarten 
(below 1%, except strategies 1 and 2 in the winter season) and 
elementary schools than in the others, due to the lower human pulmo
nary respiratory rates of pupils aged 3 to 11. In the other school grades, 
strategies 4 and 5 have the same infection risk (about 1.5%–2% during 
the year), as strategies 1 and 2 (about 3%–5% during the year). In 
strategy 3, MERV 13 filters were simulated as higher efficiency filters 
leading to a slight reduction in the risk of contagion compared to the 
latter scenario, highlighting that using filters more efficient than MERV 
13 is not cost-effective. Implementing MERV 13 filter resulted in a 30% 
reduction of contagion with respect to ventilation increase or 50% on
line students. However, apart from prekindergarten, the only strategy 
able to reduce the infection risk below 1% in the other school grades is 
strategy 6. Finally, the authors tried to increase VRs beyond 4 ACH 
noting a reduction in the risk of contagion. Despite this, increasing 
ventilation beyond 6 ACH brings little benefits, therefore promoting 
very high VRs alone does not mean having a low risk of contagion. For 
this reason, complementary strategies such as filtration should be used 
in schools both to maintain a low level of contagion and low energy 
costs. 

In Ref. [96] the authors have evaluated the infection risk of several 
mitigation strategies (i.e., mask covering, mechanical ventilation, AP, 
and desk shields) in elementary classroom and high school classroom by 
combining CFD simulations and the Wells-Riley based equation. From 
the analysis of the results, the use of masks is the most efficient strategy 
followed by the adjustment of VRs (from 3.4 h− 1 to 7 h− 1), while the 
desk shields have a low effectiveness. The lowest chances of infection (P 
→ 1) are achieved by combining the use of masks, an MVS, and AP. The 
authors highlight that in the elementary setting, due to the low pul
monary and viral emission rate of young students, the infection rate is 
lower than those evaluated with the adoption of several mitigation 
strategies in the high school settings, therefore suggesting that the risk of 
airborne virus transmission should be analysed by differentiating the 
grade of school. 

Ref. [74] evaluate and compare different mitigation strategies with a 
systematic approach, considering building, room, and personal scale 
through a MM. Among the various scenarios considered, three different 
classroom settings were analysed: i) K-12 classroom with a volume of 
396 m3 (35 students) and 2.1 VR; ii) small college classroom with a 

volume of 154.5 m3 (25 students) and 3.6 VR; iii) large college class
room with a volume of 600 m3 (96 students) and 3.4 VR. These baseline 
scenarios that imply 25% of outdoor air fraction were then implemented 
through single and combined ventilation strategies, among which the 
following:  

1. Different outdoor air fraction (50%, 75%, and 100% of outdoor air).  
2. Increase VR (50%more supply air and double supply air).  
3. Use of partitions for the students. 
4. Use of MV, DV, and PV (taking into consideration the different effi

ciency of air distribution through a specific coefficient).  
5. Use of MERV 13 or HEPA filter.  
6. Use of AP or UVGI.  
7. Use of face masks. 

The authors conclude that to obtain a R event <1 in these classroom 
settings to the strategy should combine all the following: double the VR, 
use DV with partitions, use HEPA filter, and use AP and UVGI. 

The same authors highlight the importance of thinking on different 
scales when choosing a mitigation strategy. In fact, given the numerous 
uncertainties that characterize the analyses of the risk of contagion in 
confined environments, it would be preferable to work first on the 
building or room scale to guarantee a generalized reduction of the 
contagion. Subsequently, if this is not possible or if the risk of contagion 
is to be further reduced, strategies are planned on a personal scale. The 
authors also warn that the combination of several mitigation strategies is 
not always advantageous. As it can be seen from the results in Table 6, 
using 100% external air, or using HEPA filters produces the same 
reduction in the risk of contagion. Hence, equipping the MVS with HEPA 
filters, if possible, will be more economically advantageous. Once a 
HEPA filter has been applied, using 100% of external air does not pro
duce any benefit, but only energy consumption, so to reduce the risk of 
contagion we can increase, at least, the total airflow. 

[75] provide a cost-benefit review of some main ventilation control 
strategies considering effectiveness, effective scale, capital cost, dura
bility, and accessibility:  

• Upgrading filters is a simple and economic operation, but it requires 
a replacement every 6/12 months depending on the base of the filter 
type, and an increase in fan energy due to the increased pressure rise 
through higher-rating filters.  

• Increasing outdoor air supply does not require any installation of 
new components, but results in extra energy consumption, higher 
than that of upgrading filters, depending on the volume of the 
building to be served.  

• Installing a new air distribution system (such as DV and PV) has a 
high initial cost depending on the scale of the system and requires 

Table 5 
AP case studies.  

ref. Method Room volume N. students Filter type air filtration air cleaner position evaluation parameter 

[93] NM 150 m3 (10.00 × 5.00 × 3.00) 8 MERV 13 4.80 Various Particles concentration 
[92] FSM 68 m3 (6.40 × 4.10 × 2.60) 2 HEPA 17.6/11.7/8.8 In front of/behind the students Particles concentration 
[89] FSM/NM 186.40 m3 (9.40 × 6.50 × 3.05) 22 HEPA 5.40 Various Particles decay rate 
[91] NM 197.37 m3 (11.17 × 5.70 × 3.10) 18 carbon filter + HEPA 6.00 Behind the students Particles concentration 
[90] FSM 222 m3 15 HEPA 3.50 Behind the students Particles decay rate  

Table 6 
Some mitigation strategies and related infection risk reduction and cost scale 
[74].  

Mitigation strategy Scale Infection risk reduction Cost 

100% outdoor air building − 27% high 
Doubled supply building − 37% high 
HEPA filter building − 27% medium  
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careful planning but offers the possibility of increasing the efficiency 
of the ventilation system and therefore to reduce the VRs. 

Ref. [72] highlights how difficult it is to avoid contagions in 
small-volume classrooms, strongly recommending the installation of 
MVSs in these cases. In historical school buildings, on the other hand, 
since they enclose classrooms with heights of up to 5 m, it is possible to 
think of installing air quality sensors connected to the windows, given 
that architectural constraints often limit invasive design solutions. In 
any case, they suggest a dynamic control of ventilation based on the risk 
of contagion. In this regard [76], propose to determine the VRs to be 
provided to mitigate the risk of airborne transmission of viruses (SAR
S-CoV-2 and influenza). Using the mass balance equations of a virus and 
CO2, and considering the volume of the class, infected individuals, and 
the total number of students, it is possible to calculate the air exchange 
rate so that no contagion events occur (R event <1). This method can be 
applied to both mechanically ventilated and naturally ventilated 
schools, butCO2 sensors are needed. 

Ref. [79] simulates the installation of an air handling unit in a 
naturally ventilated classroom. The decentralized system can supply 
from a minimum of 8 l/s per person, under normal conditions, guar
anteeing an average level of IAQ up to 32 l/s per person in the event of a 
pandemic emergency. The authors then evaluated the probability of 
contagion with varying air flow rates and mask filtration efficiency. 
Since the goal is to keep a reproduction number (R event) under the unit, 
the authors show how this goal is achieved in the following cases: for 8 
l/s per person with 95% of filtration efficiency, for 16 l/s per person with 
75% of filtration efficiency, and for 32 l/s per person with 50% of 
filtration efficiency. 

The MM could also be used to assess the energy cost of ventilation 
strategies to mitigate the risk of infection in schools. In Ref. [80], the 
annual energy cost of HVAC systems was calculated to keep the risk of 
contagion below 1% for American schools. Increasing the VRs alone 
would lead to an increase of about 6 times the National energy expen
diture of HVAC (considering the one related to 2018), which is equiv
alent to providing a VR of about 5 ACH for prekindergarten, 10 ACH for 
elementary schools, and 20 ACH for middle and high schools. Using 
MERV 13 filters alone, instead, reduces this increase to 4 times. The use 
of MERV 13 filters involves the reduction of VRs, in particular 2.5 ACH 
for prekindergarten, 7.5 ACH for elementary schools, and 17 ACH for 
middle and high schools. The authors therefore suggest that the com
bination of MERV 13 and improved VRs could be an economical strategy 
in kindergartens. 

To sum up, some authors argue that MVS strategies in school envi
ronments should be adapted to the school grade [73,96] and their 
implementation is highly encouraged in small-volume classrooms [72]. 
Many authors converge that to reduce cross-infection in different 
classrooms, MVS strategies should use HEPA or MERV 13 filters and 
setting VRs around 6–7 ACH [73,74,96]. Further strategies for opti
mizing the risk reduction can be a combination of DV with partitions, 
APs, UVGI [74], or a combination of face masks and APs [96]. Also, CO2 
sensors can serve to estimate the necessary air exchange rate to prevent 
from contagion [72]. Considering the cost-effectiveness of the measures, 
air filters are the most economical solution [75,80]. Table 7 shows a 
summary of the ventilation strategies evaluated in this section. 

4.2.2. Air distribution systems 
In many articles the effect of the air distribution systems on cross- 

infection control were analysed. With CFD simulation and FSM, au
thors have focused on parameters such as the age of air, the airflow 
streamlines, and particles dispersion and concentration of several air 
distribution systems. 

In [88] several tracer gas experiments in a classroom with an over
head HVAC system in heating, cooling, and neutral condition were 
conducted. By measuring the concentrations of the tracer gas near the 
neck of the thermal manikins, the authors pointed out that ceiling 

diffusers can create thermally stratified conditions during heating that 
negatively interferes with the dilution of infectious agents, causing 
higher exposure at all locations. In this condition occupants are exposed 
to respiratory aerosol 5 to 6 times higher than in well-mixed conditions, 
while supplying cooler or neutral air can achieve good air mixing and 
thus an effective dilution of bio effluents. Another issue concerning 
temperature is pointed out by Ref. [81]. When a DCV system is in 
heating mode (air supplied from the ceiling), the presence of an infected 
individual near a cold window (poor thermally insulated) could rise 
dangerous situations. Since the window surface is colder than the sup
plied air, the flow is brought to the floor together with exhaled particles 
of the infector from where it rises due to the thermal plumes of the oc
cupants carrying infected aerosol among the students. 

The authors of [83] analyse the risk of airborne infection in a small 
classroom setting highlighting how the design of the ventilation system 
is essential for the removal of infected exhaled particles. Indeed, airflow 
patterns could generate areas with a high risk of contagion compared to 
others or prefer the deposition of infected particles on certain surfaces. 
This situation occurs for example, when using an air distribution system 
with air supply and exhaust terminals are placed in a single location. In a 
school setting, if the infected subject is the teacher, there is a general risk 
of contagion greater than if the infected subject is a breathing student. In 
this case a single air outlet located in the back of the classroom generates 
a greater probability of contagion, while an extraction terminal above 
the infected teacher produces a generalized reduction of infected par
ticles throughout the class, confining the spread of viruses around the 
teacher. The authors conclude that since a validated dose-response for 

Table 7 
Ventilation procedures case studies.  

ref. Method Room 
volume 

N. 
students 

Ventilation 
strategy 

Evaluation 
parameter 

[73] MM 111,485 US 
schools 

NA VRs (4 ACH) Probability of 
infection Use of MERV 13 

Combined 
strategies 

[96] MM/ 
NM 

NA 9 VRs (3.4 ACH) Probability of 
infection Use of MERV 7 

and MERV 11 
Combined 
strategies 

[74] MM 396 m3 35 VRs Probability of 
infection 154.5 m3 25 Different air 

distribution 
systems 

600 m3 96 Use of MERV 13 
and HEPA filter   
Use of AP and 
UVGI   
Use of facial 
mask   
Combined 
strategies 

[75] MM NA NA VRs Cost-benefit 
evaluation Use of HEPA 

filter 
Installation of air 
distribution 
system 

[76] MM 150 m3 (50 
m2 × 3 m) 

NA Risk infection- 
based ventilation 

Probability of 
infection 

[79] MM 155.4 m3 25 VRs Probability of 
infection Use of facial 

mask 
Combined 
strategies 

[80] NM 111,485 US 
schools 

NA VRs Cost-benefit 
evaluation Use of MERV 13 

Combined 
strategies 

NA - Data not available. 
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COVID-19 is not available yet, in CFD simulations the risk of infection in 
a given location could be assessed by analysing the total number of 
infected particles passing through a given location throughout the 
duration of the simulation, also called risk index (I risk). 

Furthermore, many authors have investigated the performance of 
several air distribution systems on controlling the spread of airborne 
particles in classroom settings [84]. analyse the best return diffusers 
placement (ceiling or floor) to reduce cross-infection in a school class
room under cooling conditions, when the supply diffusers are placed on 
the ceiling (DCV). The authors study the age of the air and the airflow 
angle concluding that the scenario with floor returns has a better per
formance in reducing cross-infection, reducing the age of air from 1250 s 
to 700 s approximately. As a matter of fact, the flow distribution is more 
uniform, and the age of the air is minor than in the ceiling returns sce
nario. Furthermore, on the height of the breathing line (1.3 m–1.5 m) 
the horizontal airflow decreases about 20% with the floor returns, 
indicating a reduction in the risk of disease spread among students. 

In [82], instead, the aerosol transport emitted by different students 
position in classroom environments was investigated. The simulated 
classroom was equipped with ceiling inlet and outlet diffusers with a 
ventilation flow of 2090 m3/h (8.6 ACH). The authors found that a large 
part of particles (24%–50%) were sucked up by the outlet diffuser 
without settling in any surfaces, highlighting the importance of air 
filtration in case of recirculation system. Furthermore, the aerosol dis
tribution is not uniform and heavily depends on air distribution system. 
In particular, students near the inlet diffusers had a higher number of 
particles sucked up than the ones near the outlet diffusers. However, if 
the source is centrally placed, there is a larger spread of exhaled parti
cles, while students in the back corners receive 3 times less particles than 
the other students in the classroom in each scenario. 

In [85] the UFAD system is compared to a conventional MV system to 
prevent airborne pathogen spread in elementary classroom. In this study 
two UFAD schemes are proposed which differ for the positions of the 
inlets and outlets: in the first case placed under and above the students, 
in the second case, placed between the students. The authors simulated 
the systems in a classroom consisting of three rows of double desks, 
placing an infected subject in the central row. The study revealed that 
UFAD systems better dilute the virus concentration in rows where no 
infected person is present than mixing ventilation systems. In the case of 
the UFAD system, positioning the air outlets directly above the students’ 
heads promotes the concentration of viruses in the row with the 
infecting source, while lower concentrations are obtained if the outlets 
are on the sides of the rows. In this case the virus concentration in the 
analysed breathing zone decreases by 32% and 66% respectively in the 
first and third row compared to the average concentration in the central 
row. The authors conclude that the speed of the air supplied by the 
UFAD systems plays a fundamental role in avoiding the distribution of 
viruses horizontally but must also be designed considering the comfort 
of the occupants. 

In [86,87] the authors compare the droplets dispersion in three 
points of a simulated classroom (i.e., teacher facing students, students 
near an air supply device, and students near an air exhaust terminal) 
under MV, DV, and SV. The droplets concentration under MV was found 
to be of an order of magnitude higher than that under DV or SV. 
Furthermore, at all points of the breathing zone analysed SV results in a 
significantly lower risk of infection than DV. The authors suggest that 
this is due to a younger age of the air and higher horizontal air velocity 
obtained with SV systems in the breathing zone. 

The authors of [98] compare five ventilation system varying the 
number and the positions of inlet and outlet vents in the same school 
classroom (making a ventilation pattern similar to SV, one similar to 
DCV, one similar to DV, and two UFAD). The CFD simulations of the 
various distribution systems were launched with the same air speed (0.4 
m/s) and the same temperature (about 23 ◦C) in a classroom of 30 
students. Analysing the airflow streamlines exhaled particle path-lines 
and their residential time, the following results are reported: i) with 

the SV the exhaled air of 7 students takes about 1000 s to be removed 
and there is a maximum peak of 5000 s; ii) with the DCV the exhaled air 
of 7 students takes about 400 s to be removed and there is a maximum 
peak of 1550 s; iii) with the DV the exhaled air of 9 students takes about 
200 s to be removed and there is a maximum peak of 540 s; iv) with the 
first UFAD the exhaled air of 26 students takes about 400 s to be 
removed and there is an anomalous peak of 4800 s due to the recircu
lation airflow; and v) with second UFAD the exhaled air of all the stu
dents takes from 1.5 s to 4 s to be removed. The second UFAD has much 
lower residence times than the first one as in the former the inlet and 
outlet vents are positioned respectively above and below each student, 
while in the latter there are less outlets vents. Thus, the authors show 
how the UFAD systems perform better than the others minimizing the 
horizontal mixing of the air to effectively remove the aerosols exhaled 
by the students. 

Moreover, in Ref. [99] the authors assess the age of air of different air 
distribution systems in a university classroom through CFD simulations. 
Four ventilation systems were tested: one DCV system (ceiling square 
diffusers and floor return grilles, 1.3 m/s air speed), two SV systems 
(along the long side with wall-mounted grilles and along the short sides 
with wall-mounted nozzles, 1.6 m/s and 2.9 m/s air speed respectively), 
and one CJV system (ceiling linear slot diffusers and floor extraction 
grilles, 1.8 m/s air speed). In the simulations the same air flow rate was 
used, 2000 m3/s, and the results show how the DCV and the CJV have a 
minor average age of air (88 s) than that of the SV systems (around 300 
s). Furthermore, when comparing the two SV systems, the authors note 
that wall-mounted grilles promote slower air exchange than 
wall-mounted nozzles. The authors conclude that despite similar results, 
the CJV system performs more uniformly in the air distribution than 
DCV due to the vertical displacement of the breathed air, that limits the 
horizontal spread of aerosols. 

In brief, the reviewed articles agree that the most advantageous 
strategies are those that generate an air displacement by setting the inlet 
and outlet diffusers in opposed places, such as SV [86,87], DCV with 
ceiling supply diffusers and floor returns [84], UFAD [85,98] or CJV 
[99], reducing the age of air inside a classroom and limiting the hori
zontal spread of aerosols among students. Attention should be paid to 
the air speed though so that it does not disrupt the occupants’ comfort 
[85]. Many authors insist that inlets and outlets should be distributed 
throughout the whole room, avoiding their location directly above or 
below the students [82,85] and not placed in a single point of a class
room leading to a higher spread of infected particles [83] or generating 
thermally stratified conditions during heating that hinder the dilution of 
infectious agents [88]. The related articles are reported in Table 8. 

5. Discussion 

In this section a discussion of the results obtained from the reviewed 
articles is presented. The results collected have been analysed and 
intertwined to provide an overall evaluation of the main ventilation 
strategies proposed by the various authors that can be adopted in 
classrooms. In this regard, this section refers to i) classrooms with NVS, 
and ii) classrooms with MVSs. 

5.1. Naturally ventilated classrooms 

In school buildings where it is not possible to install MVSs, for eco
nomic reasons or architectural constraints, NVS can be implemented 
through various strategies. Classrooms equipped with windows along 
two parallel sides have a much greater capacity to exchange the air 
(cross-ventilation) than classrooms with only one windowed side (sin
gle-sided ventilation). In the first case, the complete opening of the 
windows could lead to very low probability of contagion (22.4 ACH, P =
1.1%), and the use of masks allows the partial closing of the windows up 
to 15% (6.5 ACH, P = 0.9%) [70]. In the second case though, too low 
VRs can be reached, which entail too high risks of contagion. In this type 
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of classroom, NVS alone is not sufficient to ensure a low risk, and other 
strategies should be considered, such as, installing APs, or integrating 
low-cost fans into the windows to always guarantee an adequate ex
change of air when difference in temperature and pressure between 
inside and outside do not allow it [94]. 

Other authors have proposed the use of air monitoring systems 
combined with control units to systematize the window opening ac
cording to a function that evaluates the risk of contagion based on a MM, 
e.g., Wells-Riley based equation. In this way, by setting the function with 
the volume of the classroom, the number of students, the number of 
infected students (obtained from the local epidemiological trend), and 
other integrated parameters like social distancing it is possible to obtain 
VRs capable of maintaining Revent < 1. In any case, the direction of the 
airflow should also be taken into consideration based on the geometry of 
the classroom and the arrangement of the students and the windows. In 
fact, the presence of an infected pupil near the window could give rise to 
the horizontal propagation of infected exhaled particles, and therefore 
the contagion of another student. To limit this danger, the flow of air 
entering the window can be directed downwards, using deflectors, or 
upwards by opening only the upper part of the windows. It is also rec
ommended to stagger the rows of benches with respect to the position of 
the windows [81]. 

If it is not possible to provide the required air flow rates in the 
classrooms (typically in single-sided ventilation class), the positioning of 
one or more APs could be a valid alternative. These devices can filter the 
air and remove the aerosols exhaled by the infected from the environ
ment, however they must be used together with NVS since they cannot 
renew the indoor air. The removal efficiency of exhaled particles de
pends on the location of the infected and the purifier [91,93], and since 
the position of asymptomatic people is not known, it is convenient to 
place the purifier at the bottom of the classroom with direct flow to
wards the board [89]. The filtration rate must be set according to the VR 
that opening the windows can guarantee, the classroom volume, and the 
number of students. 

5.2. Mechanically ventilated classrooms 

Mechanical ventilation strategies should consider the grade of the 
school to assess the right viral emission of children and thus an ad-hoc 
ventilation [96]. Based on [73,74], the risk of contagion in a poor 
ventilated classroom (i.e., assuming 2 ACH provided by a MVS in the 

MM) is the highest in high schools, followed by middle schools, 
elementary schools, and kindergartens. This is due to the difference in 
human pulmonary ventilation which determines the amount of virus in 
aerosols exhaled by infectious people and inhaled by susceptible people. 
In kindergarten, indeed, the use of a MERV 13 filter could be enough to 
maintain a risk of contagion P < 1%, while in the higher grade schools a 
solution could be to provide 4 ACH, use MERV 13 filters and halve the 
number of students in the classes. Moreover, it is noted that increase the 
ACH from 2 to 4 has the same benefit of halving the number of students, 
and once 4.0 ACH are provided the use of MERV 13 filters is equivalent 
to halving the number of pupils in the class. Furthermore, even if using 
100% of external air has the same risk reduction as equipping the MVS 
with a HEPA filter, the second solution is less expensive but adequate 
maintenance of the filters must be guaranteed. On the other hand, if the 
system is already equipped with a HEPA filter, the VR can be increased 
up to 6 h− 1 to reduce contagion risk. Beyond this value further benefits 
are not significant. 

The possibility to program the MVS specifically for a class, to avoid 
new infections (R event < 1), can be based on mathematical evaluation 
models, as reported in Refs. [76,79]. Starting from characteristic pa
rameters of a classroom such as volume, number of students, duration of 
lessons, type of activity (physical activity and expiratory activity), and 
number of infected people (by local epidemiological trend), it is possible 
to calculate the VRs dynamically to have R event < 1. The function can be 
extended to consider the local spread of quanta from a contagious source 
[77], to overcome the well-mixed condition, and integrated by adding 
an index of social distance and an index of air distribution effectiveness 
[78], to partially consider the space distribution of the students and the 
air distribution system type. 

5.2.1. Air distribution strategies 
An air distribution system should be installed to ensure as much air 

mixing as possible, and consequently ensure homogeneous dilution of 
infected aerosol concentrations. This general consideration is due to the 
uncertainty of the position of the asymptomatic infection, which for a 
given air distribution system influences the transport of aerosols [82]. 
More in detail, airflow patterns of specific ventilation strategies based on 
the removal of infected exhaled particles from the breathing zone, are 
discussed below. 

5.2.1.1. MV. MV systems result to be the least efficient in preventing 

Table 8 
Air distribution systems analysed.  

Ref. Method Classroom volume No. 
Students 

Air distribution 
system 

ACH 
(h− 1) 

VR (l/s 
pp) 

Air inlet speed (m/ 
s) 

Evaluation parameter 

[84] NM 157m3 (8.40 × 7.20 × 2.60) 23 DCV 5.00 9.60 NA Air age/streamlines 
[85] NM 177 m3 (8.40 × 8.10 × 2.60) 30 MV 4.50 7.40 1.93 Particle concentration 

UFAD (1) 0.46 
UFAD (2) 0.35 

[81] NM 252 m3 (6.00 × 12.00 ×
3.50) 

10 DCV 4.00 28.00 0.50 Particle concentration/ 
streamlines 

[86] NM 128 m3 (6.10 × 8.80 × 2.40) 16 DV 9.20 20.40 0.40 particle concentration 
SV 0.90 

[88] FSM 158 m3 (6.10 × 9.30 × 2.70) 8 DCV 4.50 24.70 1.50 tracer gas concentration 
[87] NM 128 m3 (6.10 × 8.80 × 2.40) 16 MV 12.00 26.60 NA particles concentration 

DV NA 
SV 0.70 

[98] NM 212 m3 (7.50 × 9.70 × 3.00) 30 SV 9.60 16.10 0.40 Air age/streamlines/residential 
time DCV 

DV 
UFAD 

[82] NM 243 m3 (9.00 × 9.00 × 3.00) 9 DCV 8.50 63.00 0.39 Particle concentration 
[99] NM 220 m3 (6.50 × 11.60 ×

2.90) 
20 DCV 9.00 27.50 1.30 Air age 

SV (1) 1.60 
SV (2) 2.86 
CJV 1.76 

NA - data not available. 
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cross-infection among students due to their high level of horizontal air 
mixing. The concentration of droplets in the breathing zone, if compared 
to DV or SV, is at a higher order of magnitude [87]. 

5.2.1.2. DV. DV has a better ability to remove droplets than mixing 
ventilation does [87]. The vertical direction of the airflow allows to 
avoid a horizontal recirculation of the air. However, the low air emission 
speeds (0.2–0.4 m/s) can cause droplets to be trapped at the breathing 
zone depending on their size. This problem could be avoided by using 
higher input velocities and increasing the distance between students. In 
this regard, future studies are needed that analyse different combina
tions of inlet velocity and temperature with various student distribution 
schemes. 

5.2.1.3. DCV. The DCV systems provide ceiling supply and floor or 
ceiling return. Between these two alternatives, floor return is more 
effective for uniform flow distribution reducing the age of air in the 
classroom (1250 s versus 700 s approximately) and the horizontal 
airflow in the breathing zone about 20% [84]. Despite this, the hori
zontal component of the air in the breathing zone remains too high 
(about 60%) and further research should optimize the number and po
sition of extractors to reduce this percentage. In heating mode, ceiling 
supply could create a thermally stratified condition, therefore thermally 
neutral or cooled air should be supplied for an effective mixing dilution 
of pathogen. 

5.2.1.4. SV. SV was compared with DV and MV in two papers [86,87], 
which analyse the respective concentrations of droplets in the breathing 
zone of a class. As the air is supplied horizontally and directly into the 
breathing zone at high speeds (0.9 m/s) droplet removal is much more 
effective than that obtained under MV and DV. In terms of age of air, it is 
convenient to position the inlet vents along the short side and use nozzle 
diffusers as long as they allow high air speed and thus less air stagnation 
in the environment [99]. However, the strong horizontal component of 
the airflow could result in cross-infection. Therefore, further studies 
should analyse the relationship between the location and the number of 
inlet diffusers and extractors relative to the location of the students. 

5.2.1.5. UFAD. In line with the results, UFAD systems seem to be the 
most effective ventilation scheme in removing exhaled particles. Thanks 
to the vertical piston airflow (from bottom to top) and to air inlet speeds 
greater than the DV, the horizontal mixing of the air is missing, allowing 
undisturbed removal of aerosols. The best results are obtained by 
installing the inlets and the outlets diffusers for each student place, in 
order to achieve the lower values of the resilience time of the pathogenic 
particles [120]. If this is not possible, it is recommended not to install the 
outlet vents directly above the students’ heads, but to position them 
between the occupant’s group, as an outlet positioned above a student’s 
head also draws air from neighbouring areas and could carry infected 
particles directly into the student’s breathing area [85]. 

5.2.1.6. CJV. The CJV systems can be an alternative to UFAD system. 
Indeed, by realizing a vertical air flow (from top to bottom) a much 
lower age of air is obtained than that with an SV (minimum age of air 88 
s against 300 s). Even if a similar age of air is achieved with DCV, CJV 
generate almost vertical air movements guaranteeing a vertical 
displacement of breathed air [99]. Compared to the UFAD, this distri
bution system includes floor extraction vents, and this could be a way to 
extract infected particles as soon as they are exhaled. 

6. Conclusions 

This work has reviewed the existing literature on ventilation strate
gies to mitigate airborne transmission of viruses in school settings. The 
goal was to collect and analyse existing information on the 

implementation of ventilation systems in classrooms. Strategies, in
terventions, and performance have been identified for both natural and 
MVSs based on the results obtained through the main assessment 
methods, i.e., mathematical models, numerical models, and full-scale 
experiments. 

For naturally ventilated classrooms the following recommenda
tions are proposed:  

• Cross-ventilated classrooms could achieve low exposure risk thanks 
to their ability to guarantee high aeration rates, while single-sided 
ventilated classrooms generally can provide low VRs, thus the use 
of AP or fan-integrated windows is recommended to achieve lower 
exposure risk.  

• As a basic strategy, classrooms should be equipped with CO2 sensors, 
so that it is possible to evaluate the level of exposure based on the 
concentration of carbon dioxide, and to favour air changes when 
concentrations exceed 700 ppm (CO2-based aeration).  

• A more efficient strategy is instead to program the opening of the 
windows through control units based on mathematical models (risk 
infection-based aeration), which based on the characteristics of the 
class, the grade of the school, and the number of infections assesses 
the rates of ventilation to be guaranteed to prevent new cases of 
contagion (R event < 1).  

• The presence of an infected student near the open window can cause 
the infection of other students, so it is recommended to arrange the 
rows of desks not in line with the windows or to install deflectors. 

In the Italian, Spanish and other similar contexts, the mentioned 
strategies for solving the limit of the aeration rates of NVS in schools can 
be adopted as a short-term emergency solution, because they are suit
able for outdoor temperature conditions close to indoor temperature (i. 
e., during the intermediate seasons and the short portion of the summer 
not included in the holydays period), while the problem of thermal 
discomfort caused by low outdoor temperatures during winter remains. 
Hence, for the middle and long-term planning, to guarantee a proper 
control of contagions preserving thermal comfort conditions in school 
buildings, MVSs should be installed. 

For mechanically ventilated classrooms, or for classrooms where 
MVS is to be installed other recommendations for ventilation strategies 
are proposed:  

• During pandemic events, MVSs should be programmed to provide a 
risk infection-based ventilation (R event < 1). It is recommended to 
consider the age of the students, as different viral emissions corre
spond to different ages. Indeed, in elementary and kindergarten 
schools there is a lower risk of contagion. The integration of Wells- 
Riley based equation (to consider the local spread of virus, the so
cial distance, the air distribution effectiveness, and the epidemio
logical trend) should be used to program the control unit. This allows 
to carry out a quantitative and personalized cost-benefit analysis of 
various strategies (VRs, filtration rates, etc.).  

• As air distribution pattern influences the airborne transmission of 
viruses, the installation of new MVSs in classrooms should focus on 
UFAD or CJV systems primarily since they have the best performance 
on exhaled particles removal as long as they generate a quite fast 
vertical airflow. This favours a quick removal of pathogens from the 
breathing area, avoiding their horizontal propagation.  

• The other air distribution systems work following the principle of 
diluting air pollutants. Among these, the SV systems, supplying fresh 
air horizontally directly to the breathing zone at medium-high 
speeds, have good pathogen removal performance with low age of 
air but still higher than UFAD and CJV.  

• In cases where the air distribution systems listed above cannot be 
installed for economic reasons or architectural constraints, MV and 
DCV systems represent the alternative. It is recommended to supply 
air at neutral temperature in order not to create a thermal 
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stratification of the air with consequent stagnation. Furthermore, 
placing the extraction vents at floor level reduces the percentage of 
horizontal flows and therefore the possibilities of cross-infection. 

Summarizing, the results carried out from the mentioned studies on 
air distributions seem to converge that providing a quite fast vertical 
airflow (UFAD, CJV) or supplying air horizontally directly at the 
breathing zone level (SV) have the best pathogen removal performance. 
These outcomes have been obtained through NM and FSM analysing the 
spatial-temporal distribution of exhaled pathogen particles by 
comparing non-specific parameters of infection risk such as concentra
tion, residence time, and air age. These indicators also provide quanti
tative information concerning the risk of cross-infection in classroom 
settings. For this reason, CFD and full-scale experiments could be a great 
support for the optimal design of inlet/outlet diffusers in classrooms and 
tailored air distribution patterns for different classroom settings. Future 
studies should include specific parameters such as IF and εex to better 
assess the individual or average risk of infection. Various combinations 
of temperature and air inlet speed should also be analysed, so as not to 
create discomfort among students. Furthermore, CFD simulations could 
help to determine the minimum VR to guarantee a low risk of contagion 
depending on the air distribution system and classroom setting, and thus 
promote a healthy environment with minimum energy consumption 
related to the ventilation system. 
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Conceptualization. R. Suárez: Writing – review & editing, Validation. L. 
Mazzarella: Writing – review & editing, Validation. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

References 

[1] S.L. Kong, P. Chui, B. Lim, M. Salto-Tellez, Elucidating the molecular 
physiopathology of acute respiratory distress syndrome in severe acute respiratory 
syndrome patients, Virus Res. 145 (2) (2009) 260–269. 

[2] S. Kim, S.Y. Chang, M. Sung, J.H. Park, H. Bin Kim, H. Lee, et al., Extensive viable 
Middle East respiratory syndrome (MERS) coronavirus contamination in air and 
surrounding environment in MERS isolation wards, Clin. Infect. Dis. 63 (3) (2016 
Aug 01) 363–369. 

[3] L. Wang, Y. Wang, D. Ye, Q. Liu, Review of the 2019 novel coronavirus (SARS-CoV- 
2) based on current evidence, Int. J. Antimicrob. Agents 55 (6) (2020 Jun), 
105948. 

[4] J.S. Kutter, M.I. Spronken, P.L. Fraaij, R.A. Fouchier, S. Herfst, Transmission routes 
of respiratory viruses among humans, Current opinion in virology 28 (2018 Feb) 
142–151. 

[5] L. Morawska, J. Cao, Airborne transmission of SARS-CoV-2: the world should face 
the reality, Environ. Int. 139 (2020 Jun), 105730. 

[6] R. Zhang, Y. Li, A.L. Zhang, et al., Identifying airborne transmission as the 
dominant route for the spread of COVID-19, Stat. Med. 32 (18) (2013 Aug 15) 
3234. 

[7] T.C. Bulfone, M. Malekinejad, G.W. Rutherford, N. Razani, Outdoor transmission of 
SARS-CoV-2 and other respiratory viruses: a systematic review, J. Infect. Dis. 223 
(4) (2021 Feb 24) 550–561. 

[8] R.K. Bhagat, M.S. Davies Wykes, S.B. Dalziel, P.F. Linden, Effects of ventilation on 
the indoor spread of COVID-19, J. Fluid Mech. 903 (2020 Nov 25) F1. 

[9] Who, Roadmap to Improve and Ensure Good Indoor Ventilation in the Context of 
COVID-19, World Health Organization, 2021. https://www.who.int/publications/i 
/item/9789240021280. (Accessed 30 March 2022). 

[10] REHVA, REHVA COVID 19 GUIDANCE Version 4.1. Federation of European 
Heating, Ventilation and Air Conditioning Associations, 2021 Apr 15. http 
s://www.rehva.eu/activities/covid-19-guidance/rehva-covid-19-guidance. 
(Accessed 30 March 2022). 

[11] ASHRAE, ASHRAE Position Document on Infectious Aerosols, American Society of 
Heating, Refrigerating and Air-Conditioning Engineers, 2020 Apr 14. https://www 
.ashrae.org/file%20library/about/position%20documents/pd_infectiousaerosols 
_2020.pdf. (Accessed 30 March 2022). 

[12] M. Guo, P. Xu, T. Xiao, R. He, M. Dai, S.L. Miller, Review and comparison of HVAC 
operation guidelines in different countries during the COVID-19 pandemic, Build. 
Environ. 187 (2021 Jan), 107368. 

[13] SEARCH PROJECT, Making Schools Healthy: Meeting Environment and Health 
Challenges, 2013 Dec. https://publicatt.unicatt.it/retrieve/handle/10807/63264/ 
102506/SearchMakingSchoolsHealthy_Web_Dec2013.pdf. (Accessed 30 March 
2022). 

[14] SINPHONIE PROJECT, Schools Indoor Pollution & Health Observatory Network in 
Europe, Final Report, 2014. https://publications.jrc.ec.europa.eu/repository/ha 
ndle/JRC91160. (Accessed 30 March 2022). 

[15] InAirQ PROJECT, InAirQ SUMMARY REPORT, 2020 Jan. https://www.interreg-ce 
ntral.eu/Content.Node/InAirQ/CE69-INAIRQ-Summary-report.pdf. (Accessed 30 
March 2022). 

[16] V. Kumar, Influenza in children, Indian J. Pediatr. 84 (2) (2016 Sep 19) 139–143. 
[17] Raymond Tellier, Review of aerosol transmission of influenza A, Emerg. Infect. Dis. 

12 (11) (2006 Nov) 1657–1662. 
[18] Y. Li, G.M. Leung, J.W. Tang, X. Yang, C.Y.H. Chao, J.Z. Lin, et al., Role of 

ventilation in airborne transmission of infectious agents in the built environment - 
a multidisciplinary systematic review, Indoor Air 17 (1) (2007 Feb) 2–18. 

[19] S.J. Olsen, E. Azziz-Baumgartner, A.P. Budd, L. Brammer, S. Sullivan, R.F. Pineda, 
et al., Decreased influenza activity during the COVID-19 pandemic - United States, 
Australia, Chile, and South Africa, 2020, MMWR. Morbidity and mortality weekly 
report 69 (37) (2020 Sep 18) 1305–1309. 

[20] A.S. Monto, Epidemiology of influenza, Vaccine 26 (2008) D45–D48. 
[21] H.Q. McLean, S.H. Peterson, J.P. King, J.K. Meece, E.A. Belongia, School 

absenteeism among school-aged children with medically attended acute viral 
respiratory illness during three influenza seasons, 2012-2013 through 2014-2015, 
Influenza and other respiratory viruses 11 (3) (2017 May) 220–229. 

[22] G.N. Sze To, C.Y.H. Chao, Review and comparison between the Wells-Riley and 
dose-response approaches to risk assessment of infectious respiratory diseases, 
Indoor Air 20 (1) (2010 Feb) 2–16. 

[23] S. Zhang, Z. Lin, Dilution-based Evaluation of Airborne Infection Risk - Thorough 
Expansion of Wells-Riley Model, 2020 -10-06. 

[24] G. Buonanno, L. Stabile, L. Morawska, Estimation of airborne viral emission: 
quanta emission rate of SARS-CoV-2 for infection risk assessment, Environ. Int. 141 
(2020 Aug), 105794. 

[25] L. Gammaitoni, M.C. Nucci, Using a mathematical model to evaluate the efficacy of 
TB control measures, Synopses 3 (3) (1997 Sep) 335–342. 

[26] S.N. Rudnick, D.K. Milton, Risk of indoor airborne infection transmission estimated 
from carbon dioxide concentration, Indoor Air 13 (3) (2003 Sep) 237–245. 

[27] G. Buonanno, L. Morawska, L. Stabile, Quantitative assessment of the risk of 
airborne transmission of SARS-CoV-2 infection: prospective and retrospective 
applications, Environ. Int. 145 (2020 Dec), 106112. 

[28] H. Qian, X. Zheng, Ventilation control for airborne transmission of human exhaled 
bio-aerosols in buildings, J. Thorac. Dis. 10 (Suppl 19) (2018 Jul) S2295–S2304. 

[29] S.V. Ershkov, E.Y. Prosviryakov, N.V. Burmasheva, V. Christianto, Towards 
understanding the algorithms for solving the Navier–Stokes equations, FDR 53 (4) 
(2021 Jul 16), 44501. 

[30] P.V. Nielsen, Fifty years of CFD for room air distribution, Build. Environ. 91 (2015 
Sep) 78–90. 

[31] G. Cao, H. Awbi, R. Yao, Y. Fan, K. Sirén, R. Kosonen, et al., A review of the 
performance of different ventilation and airflow distribution systems in buildings, 
Build. Environ. 73 (2014 Mar) 171–186. 

[32] Y. Li, P.V. Nielsen, CFD and ventilation research, Indoor Air 21 (6) (2011 Dec) 
442–453. 

[33] Z.T. Ai, A.K. Melikov, Airborne spread of expiratory droplet nuclei between the 
occupants of indoor environments: a review, Indoor Air 28 (4) (2018 Jul) 500–524. 

[34] Y. Sheikhnejad, R. Aghamolaei, M. Fallahpour, H. Motamedi, M. Moshfeghi, P. 
A. Mirzaei, et al., Airborne and aerosol pathogen transmission modeling of 
respiratory events in buildings: an overview of computational fluid dynamics, 
Sustain. Cities Soc. 79 (2022 Apr), 103704. 

[35] M. Zhang, P. Shrestha, X. Liu, T. Turnaoglu, J. DeGraw, D. Schafer, et al., 
Computational fluid dynamics simulation of SARS-CoV-2 aerosol dispersion inside 
a grocery store, Build. Environ. 209 (C) (2022 Feb 01), 108652. 

[36] M.P. Wan, G.N. Sze To, C.Y.H. Chao, L. Fang, A. Melikov, Modeling the fate of 
expiratory aerosols and the associated infection risk in an aircraft cabin 
environment, Aerosol. Sci. Technol. 43 (4) (2009) 322. 

[37] L. Morawska, A. Afshari, G.N. Bae, G. Buonanno, C.Y.H. Chao, O. Hänninen, et al., 
Indoor aerosols: from personal exposure to risk assessment, Indoor Air 23 (6) (2013 
Dec) 462–487. 

S. Ferrari et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0360-1323(22)00599-6/sref1
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref1
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref1
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref2
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref2
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref2
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref2
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref3
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref3
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref3
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref4
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref4
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref4
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref5
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref5
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref6
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref6
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref6
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref7
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref7
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref7
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref8
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref8
https://www.who.int/publications/i/item/9789240021280
https://www.who.int/publications/i/item/9789240021280
https://www.rehva.eu/activities/covid-19-guidance/rehva-covid-19-guidance
https://www.rehva.eu/activities/covid-19-guidance/rehva-covid-19-guidance
https://www.ashrae.org/file%20library/about/position%20documents/pd_infectiousaerosols_2020.pdf
https://www.ashrae.org/file%20library/about/position%20documents/pd_infectiousaerosols_2020.pdf
https://www.ashrae.org/file%20library/about/position%20documents/pd_infectiousaerosols_2020.pdf
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref12
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref12
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref12
https://publicatt.unicatt.it/retrieve/handle/10807/63264/102506/SearchMakingSchoolsHealthy_Web_Dec2013.pdf
https://publicatt.unicatt.it/retrieve/handle/10807/63264/102506/SearchMakingSchoolsHealthy_Web_Dec2013.pdf
https://publications.jrc.ec.europa.eu/repository/handle/JRC91160
https://publications.jrc.ec.europa.eu/repository/handle/JRC91160
https://www.interreg-central.eu/Content.Node/InAirQ/CE69-INAIRQ-Summary-report.pdf
https://www.interreg-central.eu/Content.Node/InAirQ/CE69-INAIRQ-Summary-report.pdf
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref16
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref17
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref17
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref18
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref18
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref18
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref19
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref19
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref19
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref19
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref20
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref21
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref21
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref21
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref21
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref22
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref22
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref22
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref23
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref23
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref24
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref24
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref24
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref25
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref25
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref26
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref26
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref27
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref27
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref27
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref28
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref28
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref29
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref29
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref29
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref30
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref30
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref31
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref31
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref31
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref32
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref32
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref33
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref33
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref34
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref34
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref34
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref34
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref35
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref35
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref35
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref36
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref36
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref36
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref37
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref37
http://refhub.elsevier.com/S0360-1323(22)00599-6/sref37


Building and Environment 222 (2022) 109366

15

[38] H. Qian, Y. Li, Removal of exhaled particles by ventilation and deposition in a 
multibed airborne infection isolation room, Indoor Air 20 (4) (2010 Aug) 284–297. 

[39] W.W. Nazaroff, Inhalation intake fraction of pollutants from episodic indoor 
emissions, Build. Environ. 43 (3) (2008) 269–277. 

[40] r I. Holm, Thermal manikin history and applications, Eur. J. Appl. Physiol. 92 (6) 
(2004 Sep) 614–618. 

[41] C. Xu, P.V. Nielsen, L. Liu, R.L. Jensen, G. Gong, Human exhalation 
characterization with the aid of schlieren imaging technique, Build. Environ. 112 
(2017 Feb 01) 190–199. 

[42] M. VanSciver, S. Miller, J. Hertzberg, Particle image velocimetry of human cough, 
Aerosol Sci. Technol. 45 (3) (2011 Feb 02) 415–422. 

[43] M. Han, R. Ooka, H. Kikumoto, W. Oh, Y. Bu, S. Hu, Measurements of exhaled 
airflow velocity through human coughs using particle image velocimetry, Build. 
Environ. 202 (2021 Sep), 108020. 

[44] G. Cao, S. Liu, B.E. Boor, A. Novoselac, Characterizing the dynamic interactions 
and exposure implications of a particle-laden cough jet with different room Airflow 
regimes produced by low and high momentum jets, Aerosol Air Qual. Res. 15 (5) 
(2015 Oct 01) 1955–1966. 

[45] J. Bouilly, K. Limam, C. Béghein, F. Allard, Effect of ventilation strategies on 
particle decay rates indoors: an experimental and modelling study, Atmos. Environ. 
39 (27) (2005) 4885–4892 (1994). 
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